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SONIC AND RESISTIVITY MEASUREMENTS ON BEREA SANDSTONE
CONTAINING TETRAHYDROFURAN HYDRATES:
A POSSIBLE ANALOGUE TO NATURAL GAS HYDRATE DEPOSITS
C. PEARSON, J. MURPHY, P. HALLECK, R, HERMES, and M. MATHEWS
Earth and Space Sciences Division
Les Alamos National Laboratory
Los Alamos, NM 87545
ABSTRACT

Deposits of natural gas hydrates exist in arctic sedimentary basins
and in marine sediments on continental slopes and rises. However, the
physical properties of such sediments, which may represent a large
potential energy resource, are largely unknown. In this paper, we report
laboratory sonic and resistivity measurements on Berea sandstone cores
caturated with a stoichiometric mixture of tetrahydrofuran (THF) and water.
We used THF as the guest species rather than methane or propane gas because
THF can be mixed with water to form a solution containing proportinns ot
the proper stoichiometric THF and water., Because neither methane nor pro-
pane is soluble in water, mixing the quest species with water sufticiently
to torm solid hydrate is a ditficult experimental problem, particularly in
a core, Because THF solutions form hydrates eadily at atmospheric
pressure it is an excellent experimental analogue to ndtural gas hydrates.

Hydrate tormation increased the sonic Pewave velocities trom o room
temperature value of 2.5 km/s to 4.5 km/s at -5’C when the pores were
nearly tilled with hydrates. Lowering the temperature below -5°C did not
appreciably change the velocity however, In contrast, the electrical
resistivity increases nearly two orders ot magnitude upon hydrate formation
and  continues to  increase more slowly as  the temperature is  further
decreased.s In all cases the resistivities are nearly feequency independent
to 30 kHz and the toss tangents are high, always qreater than 5. The

dielectedc lovs shows o Tinear decrease with frequency  sugqesting  that
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ionic conduction through a brine phase dominates at all frequencies, even
when the pores are nearly filled with hydrates. We find that the resis-
tivities are strongly a function of the dissolved salt content of tne pore
water. Pore water salinity also influences the sonic velocity, but this
effect is much smaller and only important near the hydrate formation
temperature.

Introduction

Hydrates are a crystalline form of water containing voids or cavities
that can trap other (guest) molecules which play an irnportant role in sta-
bilizing the hydrate structure. Two types of hydrates (types 1 and 2) are
known to form. The first type contains only relatively small cavities
(>8.6 Z in diameter) that can trap guest cpecies smaller than ethane, while
the second contains a mixture ot small and large (9.5 R in diameter) cavi-
ties and can trap molecules as large as isobutane, Most of the common con-
stituents ot natural gas form hydrates, usually type 1, but type 2 hydrates
can also torm it signiticant amounts of C3H8, 04“10' or 602 are present,

Until recently, ndatural gas hydrates were widely known only das d
nuisance which condensed in gas transmission lines. Then Russidan investi-
gators reported natural gas hydrate deposits in the Siberian arctic. These
early reports were confirmed with the oiscovery ot large ndatural gas
hydrate deposits in arctic North America and in marinc sediments, Research
interest in hydrates increased as hydrates became not only o potential
enaineering problem in the arctic, but also a potential cnergy resource.
However, surprisingly little fis' known about the physical properties ot
sediments containing hydrates in theiv pores and except for the ploneering

work by Stoll and Beyant (1979), few laboratory measurements have been

reported,



In this paper, we present laboratory scnic and resistivity measure-
ments on Berea Sandstone cores containing tetrahydrofuran (THF) hydrate.
Tetrahvdrofuran was used as a guest species instead of methane or some
other constituent of natural gas because THF hydrate is stable at mocerate
temperatures (+4°C) and atmospheric pressures, greatly simplifing experi-
mental procedures. A second major advantage of THF hydrate is that the
guest is mixable with water. This eliminates the problem of ensuring
complete mixing between the guest species and water, which is a tormidable
problem inside the pore <paces ot sedimentary rock. Because the crystal
structure of hyvdrates is largely independent of the guest species, the
physical properties ot THF hydrate containing samples is probably similar
to the physical properties of a natural gas hydrate deposit formed in
similar rocks. This 1s particularly likely it the natural hydrates form
trom gas containing molecules large enough to form type 2 hydrates.

This paper tocuses ori sonic and etlectrical medasurements because pre-
liminary calculatioas (Pearson, 1982) show that sonic velocities and resis-
tivities dare more strongly aftected by the presence ot ntydrates than are
other physical properties such as densities or thermal conductivities, In
addition, seismic and electrical methods are the most commonly applied
exploration qoophysical techniques.  Cleariy o detailed understanding ot
the electricdl ano acoustic properties ol hydrates is necessary to design
and interpret qeephysical surveys over natural qas hydrate deposits,

Experimental Method

The samples were cylindrical cores approximately S om long and 2.5%4 cm
in diameter cut. tron o block of Berea sandstone perpendicular to the
bedding plane, The ends were ground paralliel  to ens<ure good  contact,

between the ends of the saples and the electrodes or transducers,  Samples



were saturated with a stoichiometric mixture ot THF and water (18 parts
water to 1 part THF, Gough and Davidson, 1Y71), under vacuum. As part ot
the study, various amounts ot Na(Cl were added to the tluid. The concentrd-
tion ot salt is reported by the molarity ot the water NaCl solution betore
THF was added to the mixture. The samples were tightly jacketed in plexi-
glass or shrink tubing before any measurements were conducted. Because
temperature is an importart variable in our study all measurements were

conducted in a NESLAB RTE-8 constant. temperature bath, We left the sample

in the bath for 24 hours, well atter a temperature change, to ensure the
sample had equilibrated with the bath,

The electrical measurements were conducted using the Collett and
Katsube (1973) two-electrode system. To reduce poldarization eifects we
saturdted the rocks with pore tluid containing knewn quantities of salt.
RBecause we used o Princeton Applied Research model 52084 lock-in danalyzer,
which can measure the in-phase and quadrature components ot the voltaye
drop across the precision resistor, we were abie to caloulate the real and
imaginary components ot the resistivity, the phase angle, dand the complex
relative permittivity, lthe complex electrical properties (i.e. the complex
permittivity (K*) and  the loss  tangent (D) were  calculated using  the

following equations presented by Collett and Katsube, 1973,

- .
1 \/ll'*",’-(l")" (1)
* 1 ,
K ln' .r'“-’ ' ' (' )
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where [0 ] and 17 are the magoitude comples cestaivity amnd the real part of

the complexy reststavity respatavely, o s the trequency anmd 1 the
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permittivity ot free space. The real (K”) and imagindry (K") parts of the

*
relative permittivity can be calculated from K using:

Reo= ke (2 .
<1+Dz> )

Sonic medsurements were conducted using the Mattaboni dnd Schreiber

(1967) pulse transmission method. We used Valpey Fisher L1/-5 qguartz 1 MHz

piezoelectric transducers that were dattdched to the sgampie by a spring-
woading device.  All measurements (buth scnic and electric) were conducted
at datmospheric pressure, except tor da small axial Toad, >0.1 MPa that wdas
applicd to ensure that the electrode or transducer remained nocontact with
the sample.,
Llectricel Results

As shown an bigs. T oand 2, Lhe resistavities ot berea cores containing
T hydrates are tuncirons ot both temperature and salinity at which the
Beasurements wore made,  however, Lo 30 KHy, the resaistaivities gro nearly
independent. ol trequency.s Figures Loand 2 plot the complex resistivity,
but  because the  imaginary  component ot the resistivily was  alwayy very
stall, usually less than 10% ot the real component, the real and complex
restybavition are nearly equai. As o result, loss tangents are very high,
otten an o excens i 100, Both the real relative permittivity and the

imaginary  part which oo proportional to the drelectore Toss are Linear

tuncttons of trequency,  The Tog Linear relationship hetween the daeloote



loss and frequency (Fig. 3) is particularly important because the dielec-
tric loss is a parameter that describes the motion ot electric charge. It
the material displays conduction that arises not from the effect of polari-
zation on the displacement current but trom actual charge transport, Hasted
(1974) shows that
g !
‘diaelectric Arue (5)

Here ¢ dielectric is the component of the dielectric loss asscciated with
loss ftrom polarization currents. With a diclectric 10ss mechanism such d4s
that from water molecules ana in the absence of conductors, will
normally show « strong peax when plotted vs frequency. However, it con-
duction dominates the polarization etfeuts, ¢ will be inversely propor-
tional to trequency. Thus the slope of the line from Fig, 3, whico 1%
(0.994) calculated using least square regression techniques, implies that
conduction 1s much more important than polarization ettects in determining
the electricadl propertics ot hvdrate containing Becea sdandstone cores,

The ettect of temperdture and sdalinity on the resistivities ot the
Berea cores also suygesty that the olectric currents tlow becduse ot tonic
conduction an an untrozen brine phase, which is present in the rock even
dfter hydrates start Lo torm.  The exponential incredase in rosistivity with
temperature occurs becduse lowered temperatures cause Lhe proportion ol
hydrates in the pores to increase, turther constricting the brine phase,
The decirease in resistivity as the salinity increases (hown in big, 2) s
caused by an ancrease an the domc concentration ot Lhe brone phate, The
ddditronal  rons present prabably also inhihat the tormat ton ot hvdrates

tnereasing the anount ot heine present in e pores,



The electrical properties of hydrate containing sediments can be

quantitatively understuod using Archie's law (p = a » ¢_m Sw'")

W , an

empirical relationship between water content and the resistivity ot water-
saturated sediments., MHere p is the resistivity of the sediments, P is the
pore water resistivity, Sw 1is the fraction ot the porosity occupied by
liquid water, and a, m, and n are empirically derived parameters. This
squation also applies to rocks where the pore spaces are partially filled
with ice or hydrates. However, as the amount of liquid water decredses, Sw
and o, are both reduced, Sw because soie ot the avdilable pore space is now
filled with a4 solid norconductor, and Py because the dissolved salts are
concentrated in the remaining unfrozen brine. It the brine i. not very
near saturation, the eftfect of hydrate or ice tormation ot P is relatively
casy to auantity becausce an increasce in sdlt concentration causes 4 linear
decredse in o Becduse hydrates of ice exclude all ot the dissolved salts
as they torm, the sdlt concentration ot the brine inclusions is inversely
proportional to the volume traction ot liguid water, it we dassume thdat the
sediments were initially water saturdted.  In daddition, the resistivity of
aqueous  solutions increases exponrentially with decreasing temperatures.
Including both the temperature and concentration ettects, the resistivity
ot o partially trozen brine at temperature 1 is thus proportional Lo ((;).l
Sw where 0 is o constant,  Substaituting this rpelationship into Archie's
cquat.ion and daviding by the resistivity at 0°C, we tind that the ratio ot

trozen (n') and thawed (“l) revistivitios s

l)1/|!l " (:.hl T\Nl-” . (h)

Archiie's Jaw accounty tor the rapid decrease an resistivity  as o

urction ot temperature (see bige )0 Because N wauab by equal to 20 the



resistivity is inversely proportional to Sw. As the temperature decreases,
the concentration of the brine at equilibrium with hydrates increases
causing Sw to decrease and the resistivity to increase. Inci-ceasing the
molarity of the salt solution causes the resistivity to decrease because
the increased saiinity of the pore water inhibits the formation of
hydrates, which increases the amount of unfrozen water (5w) present.

Seismic Results

Sonic P-wave velocities, measured on hydrate containing Bered sand-
stone cores as a function of temperature are shown 1in Fig. 5. This figure
shows results from cores saturated with two difterent NaCl solutions. Note
that in both cases the sonic velocities increase from 2.5 km/s to 4.5 km/s
when hydrates begin to fom in the pore spdces. Unce hydrates form, the
velocities reach a plateau where further cooling produces very little
change,

As shown in Fiy., 5 the salinity ot the saturatino liquid hdas very
little effect on the sonic velocities once hydrates have tormed 1n the
cores. However cores saturdated with saline water and THE approdach the high
velocity plateau more gradually than do samples saturated with pure wdter
and  THE. Thus the behavior of sonic velocities as a4 tunction  of
temperature contrasts with the electrical resistivity measurements in thdt
electrical resistivities decrease rapidly as o function ot temperdture pven
after the pore spdaces ot the sample dare probably nearly ftull of hydrates,
while sonic velocities rapidly increase when bydrates start to form an the
pore spaces but then the velocities reach a 'pldatedu wiere further cooling
produces very lTittle change n o sonie velooitices, ihe ditterence an Lhe
temperature dependence ot nic velocrttes and resistivities oltastrates

tundamental ditterence an the mechantym by whitch electrreal amd oo ou g



signals are transmitted in rock. Electrical signais are transmitted
through the brine phase so electricai properties remain sensitive to the
amount of brine present, even when the fraction of the pore volume
containing brine becomes very small. In contrast, acoustic pulses are
transmitted primarily through the solid matrix so, once the pore volume is
largely filled with hydrates a further decrease ir the small brine fraction
produces only a negligibl-: change in velocity. However the slower
asymptotic approdach in the brine-rich sample suggests that amount of tluid
in the unfrozen brine phase does have some eftect on velocily when the
brine phase consists ot a relatively large amount ot fluid,

The compressional velocity of hydrates forming in a sediment cdn
probably be understocd using a three-phase time-averaged eqguation, tirst
proposed by Timur (1968) for partially frozen sediments and since tested by
several other duthors. The compressiovnal velocity (Vp) is reldted to the
velocity of ice (Vs), the velocity ot the brine inclusions (Vb), and the

velocity of the sclid matrix (Vm) by

S 1-% 1 -
iy - L(_"ﬁ . (1-5,) ’ ( ¢) ’ ()
Vb Vs vin

broause ol the simildarilies between Lhe seismic velocitivs ot e and
hydrates, this equation can probably be used to cdalculate the velocity ot 2
mixture ot hydrates and brine in sedimentdry rock. Note that tq. / depends
linedarly on Sw‘ in‘contrdst to tq. 6 which, it n 72, is inversely propor-
tional, fhe ditference in electrical and sonic properties as g tunction of
temperature can be explained by the ditterence in the dependence ot Lgs, O
and /7 on hw. the electrical properties are inversely proportiondl to Kw S

the electrical resistivity rewains sensitive to changes in S oven when
w
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very little unfrozen water remains in the rock. In contrast, in Eq. 7 Sw
enters directly as a term added to other quantities. Thus as Sw becomes
small it has a negligibie effect on the seismic velocity.
Conclusions

Several significant conclusions can be drawn from this study: (1) the
resistivities and sonic velocities of Berea sandstone cores are strongly
affected by the presence of hydrates. Resistivities increased by an order
ot magnitude and continued to increase rapidly as further decreases in
Lemperature reduced the amount of unfrozen brine present in the rock. The
sonic velocities, in contrast, rapidly increased when hydrates began to
torm in the cores but socn approached a limiting value. Further cooling
produced only & very small increase in sonic velocities. (2) The salinity
of the pore water in which the hydrates torm has d strong aftect on the
resistivities but a very small affect on the sonic velocities. We suggest
that the effect ot temperature dand salinity on resistivities and sonic
velocities can be explained if tne samples obey Archie's liw tor resis-
tivities and the three-phase rule tor velocities. (3) Resistivities ot
hydrate containing cores are nearly trequency independent in the ranye ftrom
10 Hz to 30 kHz. However, both the diclectric constant and the dielectric
loss decrease rapidly as a tunction of trequency. The log linedr reldation-
ship between frequency and dielectric loss suygests that the clectrical
nroperties ot the hydrate containing samples dre controlled by ionic con-
duction in dan unfrozen brine phdse.

Our experimental results snow that the presence ot hydrates has oa
strong attect. on Lthe acoustirc and electric propertices ot sediments,  An

mcrease ot several orders ot omdagmitude o electrical roesistivitieos cdn

edsily be detected using a variety ot electrical exploration technigues.,
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Also an 80% increase in sonic velocity 1is sufficient to produce . very
strong retlection in seismic reflection data and can easily be detected 1n
seismic refraction surveys. This very strong velocity contrast may account
for strong reflections that are often observed at the bottom ot possible
hydrate bearing horizons in marine seismic surveys. (Shiplcy <t al 1979).
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Figure Captions

Fig. 1. Resistivity and relative permittivity x 10'S as a function of

temperature and frequency for a Berea core saturated with 0.5 N NaCl
tecrahydrofuran solution.

Fig. 2. Resistivity and relative permittivity x 10'5 as a function ot
frequency and salinity at -24°C.

Fig. 3. Imaginary part of the relative permittivity x 10'4 vs frequency

for a Berea core saturated with a 0.5 N NaCl tetrahydrofuran solution at
-24°¢.

Fig. 4. Resistivity and relative permittivity x 1()'1 as a function ot

temperature for a core saturated with a 0.5 N NaCl tetrahydrofuran
solution,

Fig. 5. Sonic velocities vs temperatures for two Berea cores showing the
effect of salinity.
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